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ABSTRACT : 

Aquatic animals occupy freshwater, estuarine and 
marine environments that differ markedly in salinity, 
temperature, oxygen availability, hydrodynamics, pressure, 
light, food supply and habitat structure. These environmental 
gradients impose selection pressures that can produce 
phenotypic plasticity, local adaptation, population divergence 
and, over evolutionary time, speciation. Understanding such 
change requires methods that connect observable traits to 
environmental conditions, genetic variation, organismal 
performance and ancestry. 

This review evaluates adaptive techniques for studying 
comparative evolutionary changes in aquatic animals. It integrates field ecology, comparative 
morphology, geometric morphometrics, behavioural observation, physiological assays, common-garden 
and reciprocal-transplant experiments, population genetics, phylogenomics, environmental DNA (eDNA), 
stable-isotope analysis, telemetry and species-distribution modelling. The review emphasises a 
comparative framework in which multiple species or populations are sampled across replicated 
environmental gradients and assessed using standardised protocols. It also outlines an applied workflow 
for research in fishes, amphibians, aquatic invertebrates and other aquatic taxa. 

The central conclusion is that no single technique can independently demonstrate evolutionary 
adaptation. Morphological differences may reflect plasticity; genetic structure may reflect demographic 
history; and environmental associations may be confounded by geography. Strong inference therefore 
requires triangulation: replicated sampling, explicit phylogenetic control, environmental measurements, 
functional validation and, where feasible, experimental tests. Ethical sampling, taxonomic verification, 
transparent data management and conservation-sensitive study design are essential. The proposed 
framework can support biodiversity research, climate-change assessment, fisheries management and 
conservation of aquatic ecosystems. 
 
KEYWORDS : aquatic animals; adaptive evolution; comparative biology; phenotypic plasticity; 
morphometrics; genomics; environmental DNA; physiological adaptation 
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1. INTRODUCTION 
Aquatic ecosystems support an extraordinary diversity of animal forms, from microscopic 

zooplankton and benthic invertebrates to fishes, reptiles, mammals and amphibians. Organisms living 
in water experience environmental conditions that differ from those in terrestrial habitats. Water has 
high thermal capacity, imposes drag and buoyancy, transmits dissolved gases and chemicals, and can 
vary sharply in salinity, oxygen concentration, pressure and light penetration. These features create 
distinctive selective environments and opportunities for evolutionary innovation. 

Evolutionary change in aquatic animals can be studied at several connected levels. At the 
organismal level, researchers measure body shape, locomotor structures, sensory systems, feeding 
apparatus and physiological tolerance. At the population level, they examine genetic variation, gene 
flow, effective population size and local adaptation. At the community and ecosystem levels, they 
investigate species turnover, trophic relationships and changes in distribution. Comparative research 
becomes especially powerful when these levels are integrated. 

The word “adaptive” is used here in a broad methodological sense: techniques designed to 
detect, compare and test traits or processes associated with survival and reproduction under aquatic 
environmental conditions. It does not imply that every observed difference is necessarily an adaptation. 
Evolutionary explanations must distinguish inherited change from developmental plasticity, 
acclimation, drift, migration and historical contingency. 

The objectives of this review are to: (i) describe major environmental drivers of aquatic animal 
evolution; (ii) compare available study techniques; (iii) explain how to combine morphological, 
physiological, molecular and ecological evidence; (iv) propose a practical research design; and (v) 
identify limitations, ethical requirements and future directions. 
 
2. CONCEPTUAL FRAMEWORK: ADAPTATION AND EVOLUTION 
2.1 Evolutionary adaptation 

Evolutionary adaptation is a heritable feature shaped by natural selection because it increases 
fitness in a particular environment. Evidence for adaptation is strongest when a trait is heritable, 
associated with environmental variation, functionally relevant to performance, and linked to survival or 
reproductive success. A trait that is merely common in a habitat is not automatically adaptive. 
 
2.2 Phenotypic plasticity and acclimation 

Phenotypic plasticity is the capacity of a genotype to produce different phenotypes under 
different environmental conditions. Acclimation is a reversible physiological or biochemical adjustment 
within an individual's lifetime, while developmental plasticity can produce longer-lasting changes 
during growth. Common-garden experiments help distinguish inherited population differences from 
environmental effects. 
 
2.3 Local adaptation 

Local adaptation occurs when populations have higher fitness in their home environment than 
foreign populations do, often demonstrated by reciprocal-transplant or common-garden experiments. 
Aquatic examples may involve salinity tolerance, thermal performance, hypoxia tolerance, 
osmoregulation or feeding morphology. A robust design samples several populations per habitat type to 
avoid treating one site as representative of an entire environment. 
 
2.4 Comparative evolution 

Comparative evolutionary analysis tests whether traits have evolved in association with ecology 
while accounting for shared ancestry. Closely related species are not statistically independent because 
they inherit traits from common ancestors. Phylogenetic comparative methods, including phylogenetic 
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generalised least squares and models of trait evolution, reduce this problem and permit explicit 
hypotheses about evolutionary rates and correlated traits. 

 
3. ENVIRONMENTAL DRIVERS IN AQUATIC SYSTEMS 
3.1 Salinity and ionic composition 

Freshwater, brackish and marine habitats impose different osmotic challenges. Animals 
regulate water and ions through gills, kidneys, integument and specialised transport proteins. Salinity 
gradients can shape osmoregulatory physiology, life-history strategies, migration and population 
connectivity. Field studies should measure salinity and conductivity at the exact sampling depth and 
time. 
 
3.2 Temperature and thermal variability 

Temperature influences metabolic rate, development, oxygen demand, enzyme function and 
reproductive timing. Aquatic ectotherms may show changes in thermal preference, critical thermal 
limits, membrane composition and behaviour. Temperature loggers and controlled thermal-
performance curves allow researchers to compare populations across seasons and habitats. 
 
3.3 Dissolved oxygen and hypoxia 

Low dissolved oxygen occurs naturally in some wetlands, stratified lakes and sediments, and 
can be intensified by eutrophication and warming. Adaptive responses include altered ventilation, 
haemoglobin properties, metabolic depression, air breathing and habitat avoidance. Oxygen should be 
measured alongside temperature because oxygen solubility decreases as water warms. 

 
3.4 Hydrodynamics, depth and light 

Flow velocity, turbulence, wave exposure and water depth affect locomotion, body form, 
attachment, sensory ecology and energy expenditure. Light availability changes with depth and 
turbidity, influencing visual systems, pigmentation and diel activity. Habitat measurements should 
include current velocity, substrate, depth, turbidity and underwater illumination. 

 
4. FIELD SAMPLING AND ENVIRONMENTAL MONITORING 

Field sampling provides the ecological context needed to interpret biological differences. A 
comparative study should define its sampling units before fieldwork: species, populations, sites, 
seasons and life stages. Replication across independent sites is essential. Sampling should avoid 
pseudoreplication, in which many individuals from one location are incorrectly treated as independent 
environmental replicates. 

 
4.1 Site selection and replication 

Select sites that represent clearly defined environmental gradients, such as upstream-to-
downstream, freshwater-to-estuarine or shallow-to-deep conditions. Include multiple sites within each 
environmental category and, where possible, repeated seasonal visits. Record GPS coordinates, date, 
time, depth, habitat type and collection method. 

 
4.2 Water-quality measurements 

Measure temperature, pH, dissolved oxygen, conductivity, salinity, turbidity and, where 
relevant, nutrients and contaminants. Calibrate meters before use and record calibration checks. 
Continuous data loggers can reveal short-term fluctuations missed by one-time sampling. Report 
instrument models, units, sampling depth and quality-control procedures. 
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4.3 Biological sampling 
Use taxon-appropriate, minimally invasive methods such as visual surveys, kick sampling, 

plankton nets, traps, electrofishing where legally permitted, or standardised seine and trawl protocols. 
Record effort (duration, net dimensions, mesh size, area or distance sampled) so catch per unit effort 
can be compared. Voucher specimens and photographs should be retained when permitted to support 
identification. 

 
5. MORPHOLOGICAL AND GEOMETRIC MORPHOMETRIC TECHNIQUES 

Comparative morphology remains a foundation of evolutionary biology. Traditional 
measurements include body length, body depth, fin dimensions, head length, jaw dimensions, shell size 
and appendage proportions. Ratios can be informative but may create statistical artefacts; researchers 
should consider allometric scaling and analyse size explicitly. 

 
5.1 Geometric morphometrics 

Geometric morphometrics analyses the spatial configuration of anatomical landmarks. 
Researchers photograph or scan specimens in a standard orientation, digitise homologous landmarks, 
perform Procrustes superimposition and analyse shape variation using principal component analysis or 
multivariate models. This approach captures shape more comprehensively than a small set of linear 
measurements. 
 
5.2 Imaging and three-dimensional methods 

High-resolution photography, microscopy, micro-CT and three-dimensional surface scanning 
can reveal skeletal, shell, otolith and appendage features. Imaging is valuable where dissection would 
damage rare specimens. A standard scale, consistent orientation and documented imaging settings 
improve repeatability. 

 
5.3 Interpretation 

Shape differences may be caused by age, sex, nutrition, habitat-induced plasticity or 
preservation. Include covariates such as body size, sex and developmental stage. Where feasible, 
compare wild-caught animals with common-garden-reared individuals to test whether morphology 
persists under shared conditions. 

 
6. PHYSIOLOGICAL AND BIOCHEMICAL APPROACHES 

Physiological techniques identify mechanisms that may allow aquatic animals to function under 
challenging conditions. Measurements can include oxygen consumption, ventilation rate, heart rate, 
blood oxygen affinity, ion balance, enzyme activity, stress hormones and thermal tolerance. Protocols 
must be standardised for temperature, body size, acclimation duration and time of day. 

 
6.1 Respirometry and metabolic performance 

Respirometry quantifies oxygen consumption in a closed or flow-through chamber. It can 
estimate standard or routine metabolic rate and, with suitable protocols, maximum metabolic rate and 
aerobic scope. Animal welfare requires appropriate chamber size, water renewal, acclimation and 
recovery procedures. Report background microbial oxygen demand and instrument calibration. 
 
6.2 Osmoregulation 

Salinity challenge experiments can measure plasma osmolality, major ion concentrations, gill 
Na+/K+-ATPase activity and expression of ion-transport genes. Gradual acclimation and pilot trials 
reduce stress and mortality. A tolerance limit alone does not prove adaptation; it should be related to 
performance and fitness in natural conditions. 
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6.3 Thermal and hypoxia tolerance 
Critical thermal maximum/minimum and critical oxygen thresholds provide comparative 

indicators of physiological limits. These endpoints depend strongly on ramping rate, acclimation and 
behavioural criteria. Repeated trials and transparent reporting are needed to make results comparable 
across laboratories. 
 
7. MOLECULAR GENETICS AND POPULATION GENOMICS 

Molecular approaches identify genetic variation underlying population structure and potentially 
adaptive traits. Traditional markers include mitochondrial DNA sequences and microsatellites, while 
genome-wide approaches include SNP genotyping, reduced-representation sequencing and whole-
genome sequencing. Marker choice depends on the question, taxon, budget and reference genome 
availability. 

 
7.1 Population structure and gene flow 

Analyses such as FST, assignment tests, clustering and demographic modelling can reveal 
population differentiation and connectivity. Genetic structure may arise from geographic barriers, 
historical isolation, drift or limited dispersal, not only local adaptation. Sampling design should include 
adequate numbers of individuals from multiple sites. 
 
7.2 Detecting candidate loci 

Genome-environment association and outlier approaches can identify loci correlated with 
environmental gradients. Such signals are hypotheses, not definitive proof of selection. Population 
structure, linkage disequilibrium, batch effects and uneven sampling can generate false positives. 
Replication in independent populations and functional validation strengthen conclusions. 

 
7.3 Transcriptomics and gene expression 

RNA sequencing can compare gene-expression profiles under different salinity, temperature or 
oxygen conditions. Expression differences may reflect short-term responses rather than inherited 
evolutionary change. Common-garden designs, time-course sampling and appropriate biological 
replication help separate constitutive population differences from acute stress responses. 

 
8. PHYLOGENETICS AND COMPARATIVE METHODS 

Phylogenetic trees provide an evolutionary framework for comparing aquatic taxa. DNA 
sequence data from mitochondrial and nuclear loci, or genome-scale datasets, can be used to infer 
relationships. Taxon sampling, model selection, alignment quality and support values should be 
reported. Species names must be checked against current taxonomic resources. 

 
8.1 Phylogenetic signal 

Phylogenetic signal measures the tendency for related species to resemble one another. Metrics 
such as Pagel's lambda and Blomberg's K can help assess whether traits are phylogenetically 
structured. Strong signal indicates that ancestry matters when testing trait-environment relationships. 
 
8.2 Trait-environment associations 

Phylogenetic generalised least squares and related models test whether traits covary with 
ecological variables while accounting for shared ancestry. Models should compare alternative 
evolutionary hypotheses and report uncertainty. Avoid interpreting a correlation as proof that a specific 
environmental factor caused the trait change. 
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8.3 Fossils and historical evidence 
Fossil morphology, dated phylogenies and palaeoenvironmental records can place modern 

adaptations in historical context. Fossils may reveal transitions in body form, locomotion, feeding or 
habitat use, although preservation is incomplete and functional interpretation can be uncertain. 
 
9. ENVIRONMENTAL DNA AND BIOMONITORING 

Environmental DNA refers to genetic material collected from environmental samples such as 
water, sediment or biofilms. It can detect species without capturing or observing the organism and is 
particularly useful for rare, cryptic or invasive aquatic taxa. eDNA is a biodiversity and distribution tool; 
by itself it does not directly measure adaptive evolution. 
 
9.1 Sampling and laboratory workflow 

Collect water using sterile bottles or filtration units, include field blanks and filtration blanks, 
preserve filters appropriately and maintain a chain of custody. DNA extraction should include negative 
controls. Targeted qPCR or digital PCR can test for a particular species, while metabarcoding can survey 
multiple taxa using marker genes. 
 
9.2 Interpretation limits 

Detection probability varies with shedding, water flow, degradation, season, sample volume and 
primer bias. A positive signal may originate upstream or from transported DNA rather than a living 
individual at the exact sampling point. A negative result does not establish absence. Combine eDNA with 
conventional surveys and occupancy models. 
 
9.3 Contribution to evolutionary studies 

Repeated eDNA surveys can track range shifts, colonisation and community turnover over time. 
When paired with population genomic samples, environmental monitoring can help identify 
populations requiring deeper investigation. Genetic variation from eDNA remains challenging to 
interpret for many taxa and should not be overstated. 
 
10. STABLE ISOTOPES AND TROPHIC ECOLOGY 

Stable-isotope analysis provides information about diet and trophic position. Ratios of carbon 
isotopes (commonly expressed as δ13C) can help distinguish basal carbon sources, while nitrogen 
isotopes (δ15N) often increase with trophic position. Sulphur and hydrogen isotopes can add 
information in suitable systems. Isotopes are measured in tissues with appropriate standards and 
quality control. 
 
10.1 Sampling and tissue selection 

Choose tissues according to turnover rate and research question. Muscle may represent diet 
over weeks or months, while liver and blood can reflect more recent feeding. Account for lipid content, 
tissue-specific discrimination and baseline variation. Sample likely food-web baselines rather than 
interpreting consumer isotope values in isolation. 

 
10.2 Evolutionary relevance 

Comparisons of trophic niche among populations or related species can reveal ecological 
divergence associated with feeding morphology or habitat use. Isotope niche width may indicate 
dietary specialisation or flexibility. These patterns should be combined with stomach-content analysis, 
prey surveys or functional morphology. 
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10.3 Limitations 
Isotopic values can vary geographically because baseline resources vary. Physiological state, 

growth and tissue turnover also influence values. Use local baselines and, when possible, mixing models 
with clearly justified source groups and discrimination factors. 
 
11. BEHAVIOURAL ECOLOGY, TELEMETRY AND TRACKING 

Behaviour links environmental conditions to survival and reproduction. Aquatic animal studies 
can quantify habitat choice, schooling, migration, feeding, predator avoidance, courtship and activity 
rhythms. Behavioural observations should use predefined ethograms, consistent observation periods 
and observer training. 
 
11.1 Acoustic and radio telemetry 

Acoustic tags and receiver arrays can track movements of suitable fish and other aquatic 
animals. Radio telemetry is useful in some freshwater settings. Tag size, attachment method, detection 
range, battery life and handling effects must be evaluated. Permits and animal ethics approval are 
essential. 
 
11.2 Biologging and accelerometry 

Miniature data loggers can record depth, temperature, acceleration and activity. These data help 
identify habitat use, diving behaviour and energetic expenditure. Tag burden should be minimised, and 
the potential effects of devices on swimming and survival must be assessed. 
 
11.3 Experimental behaviour 

Choice chambers and controlled-flow flumes can test habitat preference, rheotaxis, thermal 
preference or salinity selection. Behavioural experiments should include acclimation, randomised trial 
order, control treatments and sufficient independent individuals. 

 
12. EXPERIMENTAL DESIGNS TO SEPARATE PLASTICITY FROM EVOLUTION 

Field correlations are valuable for generating hypotheses but cannot by themselves establish 
whether a difference is inherited. Experimental designs can separate environmental effects from 
population-level genetic differences. 
 
12.1 Common-garden experiments 

Individuals from different populations are reared under the same environmental conditions. 
Persistent differences suggest a genetic or parental effect, although maternal provisioning and 
epigenetic inheritance may remain. Use multiple families and randomised tanks to avoid confounding 
population with rearing unit. 
 
12.2 Reciprocal-transplant experiments 

Organisms from two or more populations are placed in their native and foreign environments, 
or in realistic mesocosms representing them. Higher home-site fitness supports local adaptation. 
Survival, growth, reproduction and physiological performance should be measured, with appropriate 
containment and biosecurity. 

 
12.3 Factorial stress experiments 

Factorial designs manipulate two or more drivers, such as temperature and oxygen or salinity 
and temperature. These designs can identify interactive effects that single-factor experiments miss. Use 
environmentally realistic levels, adequate replication and pre-registered primary outcomes where 
possible. 
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13. DATA ANALYSIS AND INTEGRATION 
Data analysis should follow the biological question and sampling design. Begin with data 

validation, exploratory plots, checks for missingness and assessment of measurement error. Report 
sample sizes at the level of independent experimental units, not only the number of measurements. 
 
13.1 Statistical models 

Linear or generalised linear mixed models can account for nested sampling, repeated 
measurements and non-independent observations. Include site, population, family or tank as random 
effects when justified. Check residuals, overdispersion, collinearity and model assumptions. Use effect 
sizes and confidence intervals rather than relying only on p-values. 
 
13.2 Multivariate and integrative analysis 

PCA, discriminant methods, redundancy analysis and ordination can summarise complex 
morphological, physiological or community data. Multi-omics integration may connect genotype, gene 
expression and phenotype, but requires careful control of batch effects and multiple testing. Avoid 
combining incomparable measurements without scaling and biological justification. 

 
13.3 Reproducibility 

Maintain version-controlled scripts, metadata dictionaries, instrument calibration logs and 
sample identifiers. Archive sequences in appropriate repositories and share code and processed data 
where legal and ethical constraints permit. Report exclusions and deviations from planned methods. 

 
14. PROPOSED INTEGRATED METHODOLOGY 

This review proposes a staged workflow for studying adaptive and comparative evolutionary 
change in aquatic animals. The design can be adapted to fishes, molluscs, crustaceans, aquatic insects or 
amphibians, subject to taxon-specific methods and permits. 

 
Stage 1: Define a testable question 

Example: Do populations of a freshwater fish from low-oxygen habitats differ in gill 
morphology, aerobic performance and candidate genomic variation compared with populations from 
well-oxygenated habitats? 
 
Stage 2: Select replicated sites and taxa 

Choose at least three independent sites per environmental category where feasible. Sample 
multiple populations and record life stage, sex, body size and season. Verify taxonomy using diagnostic 
characters and DNA barcodes where appropriate. 
 
Stage 3: Measure environment and phenotype 

Record temperature, dissolved oxygen, pH, conductivity, salinity, depth, flow and habitat 
structure. Measure standard length, body depth, fin dimensions and gill-related traits. Use standardised 
images for geometric morphometrics. 
 
Stage 4: Assess physiology and genetics 

Conduct ethically approved respirometry or tolerance assays using controlled acclimation. 
Collect tissue non-lethally where possible for DNA analysis. Use population structure analyses before 
testing genotype-environment associations. 
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Stage 5: Test plasticity and adaptation 
Rear offspring in common-garden conditions or conduct mesocosm experiments where feasible. 

Compare performance among populations and environments. Interpret genetic and phenotypic results 
jointly. 
 
Stage 6: Integrate and report 

Use mixed models, multivariate analysis and phylogenetic methods as appropriate. State 
limitations, archive metadata and provide reproducible code. Do not claim adaptation unless the 
evidence supports heritable, fitness-relevant differences. 

 
15. ILLUSTRATIVE CASE STUDIES AND TAXONOMIC APPLICATIONS 
15.1 Freshwater fishes 

Fishes provide useful systems for studying body shape, feeding specialisation, flow adaptation, 
hypoxia tolerance and salinity transitions. Riverine populations may differ in body depth and fin 
morphology in relation to flow, while lake populations may show variation associated with prey type 
and habitat complexity. Morphology should be tested against swimming performance and 
environmental measurements. 
 
15.2 Estuarine and coastal animals 

Estuaries impose strong salinity and temperature fluctuations. Euryhaline fishes and 
invertebrates offer opportunities to compare osmoregulatory mechanisms and gene expression across 
salinity regimes. Sampling should capture tidal and seasonal variation rather than treating estuarine 
salinity as constant. 
 
15.3 Aquatic invertebrates 

Crustaceans, molluscs and aquatic insects display diverse adaptations in osmoregulation, 
attachment, respiration, shell form and life history. Shell geometric morphometrics, larval dispersal 
genetics and stable-isotope analysis can be combined to study ecological divergence. 
 
15.4 Amphibians and semi-aquatic vertebrates 

Amphibians connect aquatic and terrestrial environments. Larval development, metamorphic 
timing, gill function and predator-induced morphology can be examined using common-garden and 
controlled mesocosm designs. Disease screening and strict biosecurity are important when moving 
amphibians among sites. 
 
16. LIMITATIONS, BIASES AND QUALITY ASSURANCE 

Every method has limitations. Morphological measurements can be influenced by allometry and 
preservation; physiological assays can be sensitive to handling and acclimation; genomic scans can 
produce false positives; eDNA can be transported; stable isotopes depend on local baselines; and 
telemetry can alter behaviour. 

Sampling bias is a major concern. Rare species, inaccessible habitats and seasonal changes can 
make samples unrepresentative. Capture methods may select for particular body sizes or behaviours. 
Researchers should describe non-detections, unsuccessful sampling and any changes to the sampling 
plan. 

Quality assurance should include instrument calibration, duplicate measurements, blinded 
image scoring where possible, positive and negative molecular controls, reference materials for isotope 
analysis and transparent criteria for excluding data. Pilot studies help estimate variance and determine 
feasible sample sizes. 
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Interpretation should distinguish evidence of association, mechanism and adaptation. A 
convincing adaptive explanation typically requires multiple independent lines of evidence, ideally 
including fitness or performance data and experimental validation. 

 
17. ETHICAL, LEGAL AND CONSERVATION CONSIDERATIONS 

Research involving aquatic animals must follow institutional animal ethics requirements and 
applicable national, state and local regulations. Collection permits, protected-area permissions, fisheries 
permissions and permissions for transport or export may be required. Requirements vary by taxon, 
location and method. 

Use the least harmful method that can answer the research question. Prefer non-lethal tissue 
sampling, photography, environmental DNA and observational methods when suitable. Minimise 
handling time, use appropriate anaesthesia and recovery protocols where authorised, and establish 
humane endpoints for experiments. 

Biosecurity is essential. Disinfect equipment between sites, avoid transferring pathogens or 
invasive organisms, and do not release experimental animals into the wild without authorisation. Data 
on threatened species or sensitive locations may require controlled access. 

Conservation applications include identifying climate-sensitive populations, monitoring 
invasive species, locating evolutionary significant diversity and informing habitat restoration. Adaptive 
capacity should not be assumed to guarantee persistence under rapid environmental change. 

 
18. FUTURE DIRECTIONS 

Emerging technologies are expanding the scale and resolution of aquatic evolutionary research. 
Long-read sequencing, improved reference genomes and population-scale resequencing can resolve 
structural variation and complex genomic regions. Single-cell and spatial transcriptomics may identify 
cell-specific responses in gills, kidneys, sensory organs and immune tissues. 

Autonomous underwater vehicles, remote sensors and low-cost environmental loggers can 
improve temporal coverage. Machine-learning methods can assist image segmentation, species 
recognition and acoustic classification, but training data must be representative and model uncertainty 
reported. 

Environmental DNA metabarcoding and genomic monitoring may be combined with traditional 
ecological surveys to detect distribution shifts. However, standardised protocols and reference 
databases are still needed to improve comparability across laboratories and regions. 

Future studies should prioritise long-term, multi-site and multi-species designs. Integrating 
genomic data with functional traits, physiology, behaviour and demographic performance will help 
determine whether observed differences are adaptive, plastic or neutral. 
 
19. CONCLUSION 

Adaptive and comparative evolutionary changes in aquatic animals are best studied through an 
integrated, hypothesis-driven framework. Environmental monitoring establishes the selective context; 
morphology and behaviour describe organismal variation; physiology identifies functional mechanisms; 
genomics and phylogenetics provide information about inheritance and ancestry; and experiments 
distinguish plastic responses from heritable population differences. 

No single technique is sufficient. Strong conclusions depend on replication, appropriate 
controls, phylogenetic awareness, validated measurements and transparent analysis. Researchers 
should explicitly consider alternative explanations such as plasticity, drift, migration, demographic 
history and environmental covariance. Where possible, performance and fitness should be measured 
rather than inferred from appearance alone. 

The framework presented in this review is suitable for aquatic biodiversity research and can be 
adapted to freshwater, estuarine and marine systems. Its careful application can improve 
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understanding of evolutionary responses to habitat change, climate warming, pollution, altered flow 
regimes and other pressures affecting aquatic ecosystems. 
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